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Abstract 
Back diffusion of electrons in the p-i interface region in a-Si:H solar cells limits the open circuit voltage. Implementing a wide 
gap p-i interface layer is a well-known technique to enhance the open circuit voltage. The enhancement relies on the wide band 
gap, as well as on the band offset in the conduction band, which results in a barrier for back-diffusing electrons. In our research
we focus on the exploration of wide band gap materials that optimize the band gap and the conduction band off set, while also 
having a low defect density. In this paper, we perform a comparative investigation of hydrogenated a-SiC:H and a-SiN:H on the 
basis of the optical band gap, the defect density and the performance of solar cells implementing the material at the p-i interface. 
We find that, although the a-SiC:H interface layer enhances the open circuit voltage with respect to a solar cell without interface 
layer, increasing the width of the band gap does not result in a further enhancement of the open circuit voltage. The performance 
of the solar cells implementing a-SiN:H at the p-i interface is low. This is attributed to the high defect density of the a-SiN:H.
© 2009 Published by Elsevier B.V. 
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1. Introduction 
Solar electricity generated by hydrogenated amorphous silicon (a-Si:H) solar cells has the potential to supply the 
global demand for cheap renewable energy. Due to its high absorption in the visible range of the solar spectrum, a-
Si:H allows for the design of thin film solar cells. Additionally, a-Si:H solar cells are manufactured at low 
temperatures. Therefore, the production of a-Si:H solar cells is more economical in the use of both raw materials and 
energy than the wafer-based silicon solar cells that currently dominate the photovoltaic market. A drawback of a-
Si:H solar cells is their lower conversion efficiency compared to wafer-based silicon solar cells. To enhance the 
performance of a-Si:H solar cells, research efforts are mainly directed to improving the short circuit current by 
designing improved light-trapping schemes. In this contribution we report on a different approach to improve the 
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Figure 1 The Cody optical band gap as a function of the source gas ratio for the a-SiC:H and a-SiN:H series. The figure also shows data for thin 
a-SiC:H layers from a different series of depositions.
performance i.e. improving the electrical characteristics of the solar cell in order to increase the open circuit voltage
(Voc).
Simulations and experiments [1-4] have shown that the Voc of a-Si:H solar cells is sensitive to the p-i interface 
region, due to high recombination at the heterogeneous interface. Additionally, the open circuit voltage is 
constrained by back-diffusion of electrons into the p-layer. At high forward voltages (>0.5 V), the electric field at
the interface is insufficient to stop electrons from diffusing back into the p-layer [5]. These back-diffused electrons 
are lost for the photovoltaic conversion process, as they recombine quickly in the defective p-layer.
One strategy to reduce recombination in the p-i region is optimizing the material properties of the p- and intrinsic
layer. Hydrogenated amorphous silicon carbide (a-SiC:H), fluorized microcrystalline silicon p-layers, and other
materials have been investigated as p-type window layers [6-8]. As a result Yang et al. achieved a Voc of greater than 
1 V for their n-i-p type a-Si:H solar cells [8].
Another common strategy to enhance the Voc is the use of a thin, wide band gap p-i interface layer. The effects of
this interface layer are that (1) it accommodates the band offset of the p-i heterojunction, (2) it enhances the local
electric field in this region, (3) it prevents back-diffusion of electrons into the p-layer, and (4) it reduces the
recombination in the p-i region. Wide band gap a-Si:H or a-SiC:H are suitable materials for the p-i interface layer. 
Implementing these materials as interface layer results in an enhanced Voc [1,3,4,9,10]. The interface layer is either
intrinsic, or lightly p-type doped, and sometimes the dopant concentration [9] or carbon content [1] is graded.
Although implementation of a p-i interface layer helps to improve the initial efficiency, several groups have reported
a stronger degradation during light exposure [9]. The scope of this contribution is limited to study the effect of
interface layers on solar cells before light degradation.
Simulations [5] show that simultaneous optimization of the band gap and the electron affinity of the interface
layer results in a further enhancement of the Voc. The aim of the optimization is to enhance the offset in the 
conduction band between the p-interface and interface-i layer, while keeping the valence band aligned between the
p- and i-layer. This allows for good transport of holes, while forming an increasingly high barrier for electrons. The
presence of the barrier results in an electric field that repels electrons away from the p-i junction. A necessary
condition for the enhancement in performance is that the interface layer material has a low defect density. Not only 
would additional recombination in the interface layer be detrimental for the conversion efficiency, a high defect
density can also lead to Fermi-level pinning of the interface layer, which affects the built-in field of the device.
Consequently, research focus must be directed towards exploration of wide-gap materials that optimize the p-i
interface. As mentioned before, a-SiC:H is one of the candidate materials. Other promising materials are for instance
protocrystalline silicon [11], hydrogenated amorphous silicon nitride (a-SiN:H), and hydrogenated amorphous
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Figure 2 The activation energy versus the Cody optical band gap of the a-SiC:H and a-SiN:H films.
silicon oxide. In this paper we study and compare two different materials for implementation as a p-i interface layer, 
a-SiC:H and a-SiN:H. We evaluated the optical band gap, the defect density, and the performance of p-i-n a-Si:H
solar cells, especially the Voc, implementing a thin p-i interface layer of the material under investigation.
2. Experiment
Two series of thin films were deposited using rf-PECVD (13.56MHz). In the first series a-SiC:H was deposited
on Corning Eagle 2000 glass substrates from a source gas mixture of silane (SiH4), methane (CH4) and hydrogen
(H2). The source gas ratio, SC = [SiH4]/[SiH4+CH4], was varied from 0.2 to 0.7. The dilution ratio,
RC = [H2]/[SiH4+CH4], was maintained at 40. The total source gas flow, [SiH4+CH4], was 5.3 sccm. The deposition
pressure was 2.6 mbar. The films were grown to a thickness of 200 nm. The films were deposited at a substrate
temperature of 180°C. The power density of the plasma amounted to 60 mWcm-2.
In the second series amorphous silicon nitride materials were deposited from a source gas mixture of silane,
ammonia (NH3) and hydrogen. The source gas ratio, SN = [SiH4]/[SiH4+NH3], was varied from 0.875 to 0.95. The
dilution ratio, RC = [H2]/[SiH4+NH3] was 10. The total source gas flow, [SiH4+NH3] was 20 sccm. The deposition
pressure was 0.9 mbar. The films were grown to a thickness of 300 nm. The films were deposited at a substrate
temperature of 180°C. The power density of the plasma was 40 mWcm-2.
Each of the above materials was implemented as p-i interface layer in an a-Si:H p-i-n solar cell. The solar cells
were deposited on Asahi U-type substrates. The solar cells had the following structure: p-type a-SiC:H layer (10 nm)
/ p-i interface layer (5nm) / intrinsic a-Si:H absorber layer (300 nm) / n-type a-Si:H layer (20 nm). The back contact
consisted of 150 nm of Ag and 300 nm of Al. For statistical reasons, 30 square back contacts with an area of 
0.16 cm2 were deposited on each sample. Additionally a reference solar cell was deposited, which had similar
structure, except for the fact that the p-i interface layer was omitted.
The thickness of the films and the Cody [12] optical band gap were determined from reflection transmission
measurements using a Perkin-Elmer Lambda 950 spectrometer. The activation energy of the films was measured
using a customized setup consisting of a temperature controlled chuck and a current/voltage meter. The sub-band
gap absorption was measured by Fourier Transform Photocurrent Spectroscopy (FTPS) [13]. The setup consists of a 
custom made stage that was connected to a Thermo Electron FTIR spectrometer. From the obtained sub-band gap
absorption the defect concentration of the material was estimated [14]. Solar cells were characterized with an Oriel 
solar simulator. The measurement results given in this article are statistical averages over the three most efficient
solar cell squares of a given sample.
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Figure 3 The absorption coefficient as a function of photon energy of (a) the a-SiC:H and (b) the a-SiN:H films as determined from RT and FTPS
measurements
3. Results and discussion
For the a-SiC:H and a-SiN:H alloys, tuning the source gas ratio allows to control the Cody optical band gap, as is 
illustrated in figure 1 The range for optical band gaps of the a-SiC:H material is between 1.8 eV, purely a-Si:H, and
1.95 eV. For low source gas ratios the optical band gap of a-SiN:H is reported to be as high as 5.5 eV. [15].
However, in this study we have aimed for a range of optical band gaps between 1.8 eV and 1.95 eV. Therefore, the
lowest source gas ratio used in this study is only as low as 0.875.
In figure 2 the activation energy of the dark conductivity of the films versus the Cody optical band gap is plotted.
The error margins on the activation energy are relatively large due to the fact that the samples are thin and the
conductivity is low due to the high band gap. The activation energy of the a-SiC:H samples of this study does not
increase with the band gap, unlike the results of Tsai et al. [17]. They report an increasing activation energy that
levels off for band gaps larger than 1.95 eV. The activation energy of the samples in this study shows a slight
decline with respect to the Cody optical band gap. However, due the fact that the samples are thin, the conductivity
of the samples is very low. Therefore, for some of the samples the measurement uncertainty is as high as 0.05 eV.
Nevertheless, the measured activation energy indicates that the films are intrinsic.
For low band gaps the a-SiN:H films have lower activation energy than the a-SiC:H films. The activation energy
of the silicon nitride films is as low as 0.73 eV for the sample with a Cody optical band gap of 1.85 eV, which is less
than half the band gap. This indicates that the Fermi-level is not at mid-gap and implies that the films are lightly
doped. The N atoms in the film, which have a valence of three, are included substitutionally in the amorphous
lattice. Presumably, some nitride atoms are four-fold bonded and act as an n-type dopant. For increasing band gap,
i.e. for increasing nitrogen content in the source gas, the activation energy rises until it is at a level (0.87 eV)
comparable to the a-SiC:H films. Kurata et al. [16] observed that the activation energy of a-SiN:H with high
nitrogen content increases. The data presented in this study provides more detail in the region where the activation
energy increases.
Figure 3a illustrates the absorption coefficient of the a-SiC:H samples, determined from both reflection / 
transmission and FTPS measurements. The figure shows that for decreasing source gas ratio the optical band gap
increases as the absorption coefficient curve shifts towards higher photon energies. The defect density declines with 
increasing band gap, which is displayed by the shift towards lower absorption of the plateau of curve at the low 
photon energies. The exception is the sample where Eg = 1.86 eV, which has a higher defect density. For this sample
the connection of FTPS data to the RT data could not be carried out very well, as there was insufficient overlapping
energy range. The actual defect density can be lower. In figure 3b the absorption coefficient of the a-SiN:H samples
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Figure 4 The external parameters of the solar cells as a function of the Cody optical band gap of the p-i interface layer for (a) a-SiC:H and (b) a-
SiN:H
is displayed. Although no clear trend is observed in the plateau of the sub-band gap absorption for the narrower band
gaps, the sub-band gap absorption of the Eg = 1.90 eV sample is clearly lower than the others, indicating this sample
has a lower defect density.
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The results of the JV measurements on solar cells with a-SiC:H based p-i interface layers are depicted in figure
4a. The shaded areas illustrate the external parameters of the reference sample which was deposited without a p-i
interface layer. The figure shows an increasing trend of the short-circuit current density (Jsc) as a function of the
band gap of the p-i interface layer. The Jsc increases from 15.5 mAcm
-2 at Eg = 1.83 eV to 16.5 mAcm
-2 at
Eg = 1.91 eV. The fill factor (ff) has an optimum of 0.73 at Eg = 1.86 eV. However, it drops significantly when the
p-i interface layer band gap is increased over 1.86 eV. Implementing an a-SiC:H layer at the p-i interface increases
the Voc by about 0.05 V. On increasing the a-SiC:H band gap further the Voc is relatively constant; nevertheless it
features an optimum of 0.90 V at Eg = 1.88 eV. The combination of these external parameters results in a trend for
the efficiency that has an optimal value of 10.6% at Eg = 1.86 eV. Both the Jsc and the Voc of the entire series of solar
cells with interface layer are well above the corresponding external parameters of the solar cell without interface
layer. The ff of the solar cell without p-i interface layer is generally better than the ff of the solar cells with p-i
interface layer, except for the solar cell with a p-i interface layer with Eg = 1.86 eV. The efficiency of the best solar
cell, having an interface layer with Eg = 1.86 eV, is about 15% better then the solar cell without p-i interface layer.
The spectral origin of the increase of the Jsc of the solar cells having a p-i interface layer with a high band gap is 
visualized in figure 5. The figure depicts the results of the external quantum efficiency measurement. The external
quantum efficiency decreases for lower band gap, especially in the short wavelength range. Since the short
wavelength photons are almost completely absorbed at the front of the solar cell, this indicates that the collection of 
charge carriers generated near the p-i interface is reduced.
The optimal efficiency is not found for the cell that has the p-i interface layer with the highest band gap, but at a
lower band gap. This behaviour does not correspond to the simulation study. Possible reasons for that are that the
electron affinity of the high band gap interface layers is not optimal. The interface layer can form an electrical 
barrier, which is supported by the fact that the current reduced. Unfortunately, the electron affinity cannot be
measured directly, so further research and simulations are required to confirm this.
The results of the JV measurements for solar cells with a-SiN:H based p-i interface layers are depicted in figure
4b. The figure demonstrates that the efficiency of these solar cells is very low and does not exceed 5.2%. This
corresponds to less than half the performance of the best solar cell having a a-SiC:H based p-i interface layer. Both
the ff and Voc are very low, below 0.55 and 0.7 V respectively. The Jsc is regular, slightly above 15 mAcm
-2. This 
value is lower than the values obtained for the a-SiC:H samples.
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Figure 5 The external quantum efficiency of the solar cells with an a-SiC:H based p-i interface layer
The ff is low due to an s-shaped JV curve. A plausible cause of the s-shape is Fermi-level pinning of the p-i 
interface. Fermi level pinning is caused either by doping or by a high defect concentration. The activation energy
measurements and the FTPS measurements on the a-SiN:H films indicate that these films are doped and have a large
defect density. These observations imply that a-SiN:H is unsuitable for implementation as a p-i interface material.
The activation energy of the a-SiN:H material shows a positive correlation with the band gap of the material. In the
solar-cell results this trend is not reflected. The solar cell with the a-SiN:H based p-i interface layer with the highest
band gap does not perform much better than the others. This gives an indication that the defect density plays a more
dominant role on the low performance of a-SiN:H based solar cells than the doping.
The a-SiN:H material as it is deposited in this study is not suitable for implementation as a p-i interface layer. 
However, it is possible that other deposition regimes, e.g. with high hydrogen dilution, will result in better quality of
a-SiN:H films, which have lower defect density and a higher activation energy. Further research is required to study
this.
4. Conclusion
Exploring wide band gap materials for implementation as a p-i interface layer is one of the methods for 
enhancing the Voc of a-Si:H based solar cells. A-SiC:H and a-SiN:H are two promising materials for this purpose,
because the optical band gap can be controlled accurately by tuning the source gas ratio during deposition. Defect
density measurements demonstrated the device-grade quality the a-SiC:H. The defect density of the a-SiN:H films is 
one order of magnitude higher compared to the a-SiC:H films.. Activation energy measurements showed that a-
SiC:H is intrinsic. However, the a-SiN:H films have relatively low activation energy (< 0.8 eV), indicating that a
part of the nitride atoms in the films act as n-type dopants.
The measurement results on solar cells show that the Voc of the solar cells does not have a strong correlation to
the band gap of the p-i interface layer of the a-SiC:H material. A possible reason for this is that the band gap does
not widen in such a way that the electron affinity of the films decreases correspondingly. The highest Voc of 0.90 V
was measured with the solar cell having an a-SiC:H interface layer with a Cody optical band gap of 1.88 eV. This is
significantly higher than the Voc of 0.84 V measured on solar cells without p-i interface layer. However, the best
overall performance (K = 10.6%) was achieved for the solar cell with the a-SiC:H p-i interface layer, having a band
gap of 1.86 eV. The reason is that the ff showed a declining trend with respect to the band gap of the p-i interface
layer.
The solar cells implementing an a-SiN:H layer at the p i interface have a low ff. Likely, the a-SiN:H is lightly n-
type doped and that this doping disturbs the electric field profile at the p-i interface. Activation energy
measurements on the a-SiN:H films support this hypothesis.
In summary, the a-SiC:H material seems most suitable for the p-i interface layer and outperforms the a-SiN:H
material.
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